We suggest that the Standard Model may undergo a supercritical transition near the Landau scale, where the U(1) gauge boson couples to the left and right handed states of any given fermion with different charges. This scenario naturally gives rise to three generations of fermion, corresponding to the three critical scales for the right-right, right-left and left-left fermion interactions going supercritical, as well as CP violation in the quark sector.
Introduction
The Standard Model has proven very successful in every area of particle physics, including recent high-energy collider experiments -e.g. see Ref. [1] . However, it has three features which are not well understood: the origin of mass, the three fermion generations and the phenomenon of CP violation. The question of mass is usually framed in terms of (fundamental) Higgs fields [2] and why the corresponding Yukawa couplings take particular values -see however Ref. [3] . Instead, we believe that one should ask whether a formulation of the Standard Model with massless fermions makes sense. For example, it is well known that QED with massless electrons is not well defined at the quantum level [4, 5] .
In this paper we consider the pure Standard Model with gauge symmetry SU(3)⊗SU(2) L ⊗ U(1) and no additional interaction; that is, assuming no additional unification. We examine the physical theory that corresponds to the bare Standard Model Lagrangian with no elementary Higgs and just one generation of fermions and gauge bosons which all have zero bare mass.
At asymptotic scales, where the U(1) coupling is significantly greater than the asymptotically free SU(3) and SU(2) L couplings, the left and right handed states of any given charged fermion couple to the U(1) gauge boson with different charges. At the Landau scale there will be three separate phase transitions corresponding to each of the right-right, right-left and leftleft interactions becoming supercritical. These transitions correspond to three generations of fermions. As one passes through each transition from a higher scale (shorter distance) the corresponding scalar condensate "melts", releasing a dynamical fermion into the Dirac phase studied in the laboratory. In this picture the three generations emerge as quasi-particle states built on a "fundamental fermion" interacting self-consistently with the condensates.
Clearly this proposal differs in a fundamental manner from the conventional approaches to the Standard Model. While the conceptual framework is extremely simple and elegant, the techniques for dealing with non-perturbative physics at the Landau scale are not well developed.
In particular, at the present stage we are not able to present a rigorous, quantitative derivation of all of the features of the Standard Model. Nevertheless, we believe that the potential for understanding so many phenomena, including mass, CP-violation and the generations, is so compelling that the ideas should be presented at this stage.
The structure of the paper is the following. In order to introduce the ideas we first review the change in the vacuum of pure QED near a point-like nucleus with charge greater than 137, a problem that has received enormous effort [6, 7, 8] . We then consider the analogous case of QED at the Landau scale, from which we conclude that in pure QED the electron would self-consistently generate its own mass. Having thus introduced the basic notions we turn to the full Standard Model, considering in turn the generations of charged fermions and the origin of CP violation, the neutrinos and the mass of the vector bosons.
2 The Supercritical Phase of Non-Asymptotically Free
Gauge Theory
Several decades of work have revealed that non-asymptotically free (NAF) U(1) gauge theories with zero bare fermion mass are capable of generating their own renormalised mass. The prime example of such a theory is, of course, QED with zero bare mass, where both analytic [9, 10, 11] and numerical (lattice) calculations [12] have shown that one finds a finite renormalised mass and a non-trivial, ultraviolet (UV), stable fixed point. Without this the theory is trivial; that is, the charge is completely screened by the interactions so that the theory is equivalent to a free field theory.
The possibility that QED may be trivial was originally suggested by Landau and co-workers [13, 14] and Fradkin [15] . Consider the runnning coupling in perturbative (weakly coupled) QED. The one loop vacuum polarisation implies
If we take λ 2 → ∞ (the continuum limit of QED with a finite cut-off) then α(m 2 ) vanishes for all m 2 . The same result applies in the limit of zero mass gap (i.e. m 2 → 0), namely the coupling α(m 2 ) vanishes again. Recent work by Kocić et al. [16] has shown that this "zero charge problem" persists when the magnetic interaction of the electron is also included, despite the fact that it tends to screen the vacuum polarisation.
Another indication of the problem of massless QED is the fact that one cannot renormalise it (perturbatively) on mass shell ( which is a necessary condition for the electron to be a physical particle). The only alternative, which was once again suggested by Landau et al. [13] (see also Dirac [17] ), is that non-perturbative effects near the Landau scale mean that QED has a non-trivial, UV, stable fixed point. A number of groups [9, 10, 11, 18] have shown that QED, in quenched, ladder approximation, has a non-trivial, UV, stable fixed point at α c = π 3
, which separates the weakly and strongly interacting phases. The theory is trivial for bare coupling α < α c , whereas for α > α c the chiral symmetry of the massless bare theory is spontaneously broken by the interactions leading to the formation of tightly bound states -much like the Z > 137 point nucleus problem in QED. Kogut et al. [12] have found that this UV, stable fixed point survives in unquenched lattice QED. Estimates of the value of α c (the critical bare coupling) from Schwinger-Dyson and lattice calculations range between 0.8 and 2 [18] [19] [20] [21] .
Given that a NAF U(1) gauge theory has a non-trivial, UV, stable fixed point, α c , it follows that the theory has a two phase structure. We let λ c denote the scale at which α reaches the fixed point α c and call the phases at scales above and below the critical scale λ c the Landau and Dirac phases respectively. Perturbative QED (and the Standard Model) is formulated entirely in the Dirac phase of theory (µ < λ c ). The theory seems to behave as a gauged Nambu-Jona-Lasinio model [22] in the Landau phase [12, 23, 24] .
The connection with supercritical phenomena (in particular, the large-Z, point-nucleus problem) suggests a simple physical interpretation of this theory. Since massless, perturbative QED is not a consistent theory because of the "zero charge problem", we consider perturbative QED with a finite renormalised mass and sketch how this mass could be recovered self-consistently in a complete formulation of QED.
The coupling α increases until we reach the critical scale λ c where the interaction of the fermions with the gauge field becomes supercritical. To understand what happens at this transition it is helpful to consider the analogous problem of a static, large-Z, point nucleus in QED [6, 7, 8] . There the 1s bound state level for the electron falls into the negative energy continuum at Z = 137. If we attempt to increase Z beyond 137 the point nucleus becomes a resonance: an electron moves from the Dirac vacuum to screen the supercritical charge which then decays to Z − 1 with the emission of a positron.
If the electron itself were to acquire a supercritical charge at very large scales, O(λ c ), it would not be able to decay into a positive energy bound state together with another electron because of energy momentum conservation. In this case, the Dirac vacuum itself would decay to a new supercritical vacuum state. Since the vacuum is a scalar, this transition necessarily involves the formation of a scalar condensate which spontaneously breaks the (near perfect) chiral symmetry of perturbative QED at large momenta. The Dirac vacuum is a highly excited state at scales µ ≥ λ c and one must re-quantise the fields with respect to the new ground state vacuum in the Landau phase of the theory. The Dirac electron of perturbative QED would freeze out of the theory as a dynamical degree of freedom and the running coupling would freeze at α(λ c ). Perturbative QED, which requires a finite electron mass, is formulated entirely in the 
Generations in the Standard Model
We now discuss how the considerations of the previous section carry over to the Standard Model.
The Standard Model differs from QED at very large momentum in that the U (1) 
Here Ψ L and Ψ R include the left and right handed fermions according to the Standard Model.
We use
and α s to denote the U(1), SU(2) and colour SU (3) 
where the left and right handed charges c L g 1 and c R g 1 are given in Table 1 . (Here l denotes the charged leptons and ν l the corresponding neutrinos. We use q * and q * to denote the upper The idea that we wish to develop is the following. because of the axial anomaly [26] , whereby the chirality of a charged lepton in the Dirac phase is not conserved in the presence of a background gauge field. The anomaly has a simple interpretation in a two phase NAF gauge theory [27] .
Consider the gauge-invariant axial-vector current in perturbative QED with an explicit UV cut-off, which we shall take to be equal to λ with a slowly increasing left handed charge; the top quark freezes out at a much higher scale than the bottom quark and has a much higher mass. Similarly, the charm quark has a lot further to go than the strange quark between the right-right and left-right transitions.
The dynamical chiral symmetry breaking which gives us the fermion masses also gives mass to the gauge bosons. The gauge fixing in the "fundamental" bare Lagrangian (with zero mass)
does not involve the 0 −+ Goldstone bosons, which are generated with the dynamical chiral symmetry breaking when we turn on the vacuum polarisation. The propagators for the gauge bosons are transverse in covariant (eg. Landau) gauge:
When we evaluate the gauge boson self-energies using the Schwinger-Dyson equations (eg. in leading logarithm approximation [29] ) we find a non-transverse mass term in Π µν which is proportional to g µν . The transversity of Π µν is restored by the mixing of the gauge bosons with the 0 −+ Goldstone bosons. The fermion, gauge-current vertex becomes:
where f ab is the current-Goldstone transition amplitude and g b denotes the Goldstone-fermion coupling. The Higgs mass and the Goldstone parameters f ab and g b are determined by the mass of the top quark m t and the running QCD coupling α s (m 2 t ). As Gribov has emphasised [29] , the Schwinger-Dyson equations for the Higgs and Goldstone self-energies involve all the fermions on an equal footing. The top quark becomes important only because of its large mass; it has no special interaction.
Conclusions
We have argued, on quite general grounds, that in the absence of elementary Higgs (or other, additional, physics) the Standard Model may generate its own mass and three generations of fermions as a result of super-critical phenomena at the Landau scale. We have not considered gravity and one may worry that, at least in a perturbative treatment, the Landau scale is larger than the Planck mass. However, we believe that the scenario presented in this paper is compelling and certainly merits further investigation. One could speculate that in a nonperturbative treatment the physics of the Planck scale and the Landau scale may in fact be coupled.
It is clearly important to explore the physics of the Landau scale in the laboratory. This is difficult in the U(1) sector because of the large momentum scales involved. On the other hand, in QCD the Landau scale is in the infra-red and it might be that one can learn a little about the mechanism proposed here through the study of phenomena such as quark confinement and hadronisation [30] [31] [32] [33] .
